Abstract: (1) The study's objective is to assess sinus hemodynamics differences between stenotic native bicuspid aortic valve (BAV) and native tricuspid aortic valve (TrAV) sinuses in order to assess sinus flow shear and vorticity dynamics in these common pathological states of the aortic valve. (2) Representative patient-specific aortic roots with BAV and TrAV were selected, segmented, and 3D printed. The flow dynamics within the sinus were assessed in-vitro using particle image velocimetry in a left heart simulator at physiological pressure and flow conditions. Hemodynamic data calculations, vortex tracking, shear stress probability density functions and sinus washout calculations based on Lagrangian particle tracking were performed. (3) (a) At peak systole, velocity and vorticity in BAV reach 0.67 ± 0.02 m/s and 374 ± 5 s −1 versus 0.49 ± 0.03 m/s and 293 ± 3 s −1 in TrAV; (b) Aortic sinus vortex is slower to form but conserved in BAV sinus; (c) BAV shear stresses exceed those of TrAV (1.05 Pa versus 0.8 Pa); (d) Complete TrAV washout was achieved after 1.5 cycles while it was not for BAV. 4) In conclusion, sinus hemodynamics dependence on the different native aortic valve types and sinus morphologies was clearly highlighted in this study.
Introduction
A bicuspid aortic valve (BAV) typically comprises two leaflets of unequal size, while tricuspid aortic valves (TrAV) are comprised of three leaflets [1] . The BAV is susceptible to the early development of accelerated stenosis and calcific degeneration, which often necessitates replacement in the 5th or 6th decade of life [2] . The proportion of patients with bicuspid aortic stenosis in the general population is 2% to 6% [3, 4] . While the durability of BAV compared to TrAV is of critical concern, calcification and thrombus formation have been common between these populations [5] both related to hemodynamic factors [6] [7] [8] [9] . A study by Wallby et al. [10] suggested that if aortic stenosis disease process is the same in trileaflet and bicuspid valves and is related to the mechanical characteristics of the valve, then it is, in essence and in part, the result of interaction with local hemodynamics. To date, there is little knowledge regarding sinus flow hemodynamics in a BAV root, or for that matter, an anatomical TrAV root, and little knowledge around what makes sinus flow different between a bicuspid valve sinus and a tricuspid valve sinus. Evaluating these may shed the light on the differences between valve function and valve disease progression from one side, and may put into context how patient-specific parameters can dictate different fluid mechanics.
In general, as the pulsatile cardiac blood flow leads the aortic valve leaflets to open and close throughout the cardiac cycle, the jet engendered through the aortic valve and the ensuing fluid dynamics may be described as a pulsatile jet through a constantly changing valve orifice area that interacts with patient specific anatomical (geometrical) conditions. These complex fluid dynamic conditions, such as pulsatility, time dependency, area variability, patient-specific geometry, etc., can lead to a highly rich physical state that may be characterized through the classical tools of fluid mechanics, namely shear layers, separation zones, recirculation zones, vortices, and flow instabilities. The dynamics seen through the lens of these measures can help paint a broader picture of understanding the specific contributions of valve type (BAV vs TrAV) and the surrounding patientspecific geometry [6, 11] .
In particular, sinus flow hemodynamics can affect valve operation and longevity [8, 12, 13] . The primary hemodynamic feature of the aortic sinus that influences aortic valve dynamics, progression of disease, or thrombosis through sinus washout [14, 15] , is the aortic sinus vortex. The thin boundary layer that travels next to the aortic wall reaches the tip of the fully open valve leaflets before it is forced to separate from the leaflet tip, and travels as a free shear layer [16] . When the separated shear layer which transports vorticity is intercepted by the sinus ridge (at the sinotubular junction), a portion of the fluid begins to curl back, and a spinning vortex is formed (primarily fed by the vorticity in the shear layer) within each sinus cavity [16] . The ensuing sinus flow hemodynamics and flow patterns involve further vorticity dynamics and interactions that largely dictate spatiotemporal shear stress distributions and valve leaflet "washout", and their characteristics, can affect the degree of flow movement around the valve [8] , and thus, the progression of aortic valve disease, such as calcific lesions or thrombosis. The spatiotemporal distributions of shear stress, vorticity, and any Lagrangian measures are all a result of the complex patient-specific interaction of blood flow, anatomy of the root, and the valve leaflets.
One important fluid dynamic aspect to investigate and assess in the above context is how sinus flow would differ in different aortic sinus morphologies combined with different pathological leaflet anatomies. A multitude of computational and experimental modalities and studies is needed to capture the underlying mechanisms of heart valve disease [17] . While it is clear that fluid dynamic factors and the hemodynamic environment of the aortic valve (flow stasis, poor washout, etc.) may be highlighted as potential factors that may contribute to disease onset and progression, it is not clear whether these occurrences can be attributed to the valve alone or the native leaflets type, or the complex interaction between the valve and the patient-specific parameters. How much of the sinus flow hemodynamics is dictated by the morphology of the sinus itself compared to the nature of valve?
The aim of the present study is to assess the differences in sinus hemodynamics between a BAV and TrAV models using high resolution hemodynamic measurements, in order to better understand how patient-specific parameters (sinus morphologies and leaflet anatomy) can dictate different fluid mechanic properties and potentially shed light on the development of disease.
Materials and Methods

Patient-Specific Aortic Root Modeling
Patients with severe degenerative aortic stenosis being evaluated for transcatheter aortic valve replacement at the Ohio State University Wexner Medical Center were selected as part of an institutional review board (IRB)-approved study. The study's IRB number is 2016H0079 and is approved on 07/01/2016 (renewed every year). The high spatial resolution of the computed tomography (CT) imaging data provide clear depiction of the aortic valve cusps and calcific regions. Two patients with a clinical diagnosis of severe aortic stenosis one with a bicuspid aortic valve with fusion of right and left coronary sinus leaflets and one with a tricuspid aortic valve were selected for anatomic modeling, to represent two samples of different and wide ranges of aortic sinus root geometries. Each patient provided written informed consent to participate in the study as approved by the IRB.
Contrast enhanced CT DICOM images at the 70% phase were imported into anatomic modeling software (version 19.0, Mimics, Materialise, Belgium) for each patient (Figure 1a) . The left ventricular outflow tract (LVOT), valve cusps, ascending aorta, and all calcified tissues were segmented individually, and then reconstructed into a model consisting of two paired stereolithographic files composed of the calcified and non-calcified structures within the dataset. The files are then exported to another 3D modeling software (version 11.0, 3-Matic Research, Materialise, Belgium) for trimming the excess parts and for smoothing the geometry. These stereolithographic files were exported to a Stratasys Connex Printer (PolyJet, Stratasys, Eden Prairie, MN, USA) where the two files were used to create a fused material 3D construct (Figure 1b,c) of the predefined anatomic region. Cusp calcification was replicated using rigid print material (VeroWhite clear) and soft tissue structures, including the non-calcified cusp segments, LVOT, and ascending aorta, were replicated using a compliant rubberlike material (TangoPlus FLX930). Each model was coated externally with a thin layer of silicone to improve visual clarity and durability (Figure 1d,e) . Print material properties were chosen to best represent the complex tissue properties of an aortic root. The print material used for the non-calcified anatomic regions (TangoPlus) has a manufacturer-reported elastic modulus of 0.1 MPa at 20% strain, and 0.2 MPa at 30% strain. The print material used for the calcified anatomic region (VeroWhite) has a manufacturer-reported elastic modulus of 2000 to 3000 MPa.
The bicuspid native annulus area and perimeter at mid-systole were measured to be 366 mm 2 and 69.1 mm respectively. The tricuspid valve native annulus area and perimeter at mid-systole were measured to be 616 mm 2 and 90.5 mm, respectively. In-vitro representative patient modeling was done based on the work of Maragiannis et al. [18] and Hatoum et al. [6, 19] . 
Hemodynamic Assessment
Hemodynamic parameters were evaluated under pulsatile flow conditions created by a left heart simulator ( Figure 1f ) yielding physiological flow and pressure curves as previously described [6] [7] [8] [19] [20] [21] . The desired outputs can be summarized as establishing a systolic to diastolic pressure of 98/68 mmHg and 100/61 mmHg, an 81 bpm heart rate, a systolic duration of 33%, and a cardiac output of 4.2 L/min and 5.15 L/min for the bicuspid and tricuspid valves, respectively. These are the patient's respective specific conditions, and were chosen in place of normalized conditions to directly relate to clinical relevance. The working fluid in this study was a mixture of water-glycerin (99% pure glycerin) producing a density of 1080 kg/m 3 , and a kinematic viscosity of 3.5 cSt, similar to that of human blood. Sixty consecutive cardiac cycles of aortic pressure, ventricular pressure, and flow rate data were recorded at a sampling rate of 100 Hz. Flow data were acquired using ultrasonic flow probes (HXL, Transonic Inc., Ithaca, NY, USA), and pressures upstream and downstream of the valve were measured with Validyne pressure transducers (DP, Validyne Engineering Corp., Northridge, CA, USA).
The mean transvalvular pressure gradient (PG) is defined as the average of positive pressure difference between the ventricular and aortic pressure curves during forward flow.
Particle Image Velocimetry (PIV)
For PIV, the flow was seeded with fluorescent Polymethyl methacrylate PMMA-rhodamine B particles with diameters ranging from 1 to 20 µm. For all cases, the velocity field within the sinus region, including the region adjacent to the native leaflets, were measured using high spatial and temporal resolution PIV. Briefly, this involved illuminating the sinus region using a laser sheet created by pulsed Nd:YLF single cavity diode pumped solid state laser coupled with external spherical and cylindrical lenses, while acquiring high-speed images of the fluorescent particles within the sinus region. Raw PIV images were acquired with a resulting spatial and temporal resolutions of 0.02964 mm/pixel and 4000 Hz, respectively. Refraction was corrected using a calibration in DaVis particle image velocimetry software (version 7.2, DaVis, LaVision, Göttingen, Germany). Velocity vectors were calculated using adaptive cross-correlation algorithms. Further details of PIV measurements can be found in Hatoum et al. [6] [7] [8] [19] [20] [21] [22] .
Sinus Vorticity and Shear Stress Dynamics
Using the velocity measurements from PIV, vorticity dynamics were also evaluated for the sinus region. Vorticity is the curl of the velocity field and therefore captures rotational components of the blood flow shearing. Regions of high vorticity along the axis perpendicular to the plane indicate both shear and rotation of the fluid particles. Out of plane vorticity in the z direction was computed using the following equation:
where ωz is the vorticity component with units of s −1 ; and and are the x and y components of the velocity vector with units of m/s. The x and y directions are axial and lateral, respectively, with the z direction being out of measurement plane.
Viscous shear stress field was evaluated consistently with previous publications [6] [7] [8] 12 ].
where is the shear stress in Pascal (Pa) and is the dynamic viscosity in N·s/m 2 .
Sinus Washout
Velocity measurements from PIV were also used to evaluate sinus washout. Sinus washout is defined as the characteristic curve representing the percent of fluid particles, initially seeded in the sinus region at the beginning of the cardiac cycle, and still remaining in the sinus as a function of time plotted over the cardiac cycle. Ideally, good washout is associated with a high percentage of particles exiting over a minimum number of cardiac cycles. To quantify sinus washout curves, first, particle tracking was performed similar to other studies [6, 7, 23] . Briefly, particles were seeded as a uniform grid of 0.001 m × 0.001 m cell size over the sinus region at the beginning of the cardiac cycle. Each particle's trajectory was computed by integrating its velocity with respect to time based on
with
The integration time step was 0.00025 s, and at the end of every time step, the particle's velocity vector was calculated based on the particle's updated location through interpolating the PIV velocity data.
After every cardiac cycle, only the particles that remained in the sinus were re-seeded based on their last positions, and their trajectory over the subsequent cardiac cycle was calculated. This process continued until all particles exited, or until 10 cardiac cycles elapsed.
Once all the particles exited the sinus, a histogram of the time spent by the particles was generated and then converted to a cumulative distribution function representing the particles' survival probability as a function of time. This procedure was repeated over 10 cycles for every valve combination. The resulting curves represent the sinus washout characteristic for all cases. Table 1 summarizes standard in-vitro hemodynamic parameters of the stenotic BAV and the TrAV models. Both models yielded high pressure gradients that demonstrate that both valves are severely stenotic, and consistent with clinical in vivo pressure gradients for the respective patients. The average PG of the bicuspid valve was found to be 76.25 ± 0.98 mmHg, and that of the tricuspid valve was found to be 49.47 ± 2.62 mmHg. Similarly, RFs were shown to be 23.2 ± 0.54% for BAV and 51.5 ± 1.30% for TrAV. Figure 2 shows the velocity vectors and vorticity contours within the sinus of the bicuspid valve at selected time points throughout the cardiac cycle. Video 1 shows the streaks in both native sinuses. Comparing the velocity and vorticity fields in both valves, a significant number of differences can be highlighted (a) qualitatively and (b) quantitatively. Regarding vorticity magnitudes, during early systole, the average vorticity reaches 74 ± 5 s −1 in the BAV sinus versus 88 ± 4s −1 for the TrAV, then increases to 128 ± 6 s −1 versus 205 ± 4 s −1 during acceleration. At peak systole, the vorticity in the bicuspid sinus reaches 374 ± 5 s −1 versus 293 ± 3 s −1 in the tricuspid sinus. The vorticities start decreasing during deceleration to reach 230 ± 5 s −1 in the BAV sinus versus 198 ± 4 s −1 in the TrAV sinus.
Results
Hemodynamic Parameters
Flow Velocity Fields
Regurgitation leak during diastole causes significant backflow-driven flow dynamics in the respective sinuses. A persistent rotation in the sinuses, in addition to the relatively high peak velocity, reaching 0.13 ± 0.002 s −1 in the BAV and 0.25 ± 0.01 s −1 during mid-diastole, was observed. Vorticity in the BAV sinus during diastole reached 86 ± 6s −1 , versus 172 ± 5 s −1 in TrAV sinus.
Qualitatively, the aortic sinus vortex is slower to form in the BAV sinus. While in early systole the vortex onset is clearly shown, it is not until peak systole starts that it occupies the whole sinus region. Contrary to the mechanism observed in the TrAV, where the flow starts curling towards the sinus at the edge of the leaflet during early systole and a clear vortex shows at the tip of the leaflet during acceleration phase. During peak systole, in both sinuses the vortex is entrapped, and vorticity extraction takes place. It is obvious though that the BAV vortex is well conserved in terms of strength and size compared to the TrAV, where a detachment from the main shear layer that feeds the vortex starts to occur. The location of the vortices is interesting, and varies between the sinuses. In the BAV, the vortex engenders a whole rotational motion inside the sinus, especially at the back away from the tip of the leaflets (0.07 ± 0.005 m/s), while the motion at the back of the TrAV is not as strong (0.03 ± 0.002 m/s). This is specifically highlighted during deceleration. Figure 3 shows the probability density function (PDF) of flow shear stress magnitude in the subregion adjacent to the leaflets during systole. As is clearly evident in the figure, shear stresses in the BAV exceed those calculated in the TrAV. The maximum shear stress limit found in the BAV was Figure 4 shows the survival probability curve of particles remaining in the sinus of the BAV and TrAV with different valve combinations. In the bicuspid native valve, after 1 cycle, 40% of the particles exit the sinus (60% remain), and by the second cycle, 5% additionally follow. After 10 cycles, 22.8% of the particles remain so the total washout is 77.2%. In the tricuspid native valve, 100% of the particles exit the sinus immediately after the first one and a half cardiac cycles. 
Shear Stress Distribution
Sinus Washout
Discussion
Unsteady time-dependent post-valvular velocity and vorticity fields are studied, and emphasis is placed on flow visualization, specifically instantaneous velocity maps and vorticity contours from which shear stress and sinus washout calculations are performed. Analysis of vortex formation and characteristics provide a comprehensive characterization of the differences in dynamics between the two distinct valves, qualitatively and quantitatively.
Flow Velocity and Vorticity Fields and Hemodynamics
While a constantly appearing starting vortex is observed in the native sinus of the BAV and TrAV, the development of this vortex between the two cases is starkly different. One reason behind this difference is the morphology of the sinuses. Vortices are characterized by a conic tendency which means that they prefer circular or spherical shapes for optimal propagation over obstacles and irregularities [24, 25] . The bicuspid valve sinus is close to being spherical, thus less obstructive compared with the tricuspid sinus. Additionally, the distance between the sinus ridge (tip near the sinotubular junction, STJ) and the tip of the leaflet can affect the vortex. The narrow distance in the BAV case allows for the vortex to stay entrapped inside the sinus region, as long as the flow is ongoing from one side, and to experience a delay in formation and propagation during early acceleration and acceleration phases from another side. Additionally, the leaflet morphology also plays a role. As a result of the unique anatomy of the bicuspid valve that forces the aortic jet to be skewed in the anterolateral directions [26] , more resistance to have the aortic leaflets fully open, compared to the tri-leaflet aortic valve, is experienced, which may explain the reason behind the delay in vortex formation at the very first stages of systole. This can be inferred from pressure gradient results, where the BAV yielded around a 1.55 times higher pressure gradient compared to the tricuspid valve for the same interval of Reynold's number (4078 for BAV and 3891 for TrAV).
Shear Stress Distribution
Thrombosis is most likely to occur in low-flow or stasis regions with reduced shear stresses [6] [7] [8] 27, 28] . In healthy blood vessels, shear stress values range from 1.5 to 2 Pa [6, 7, 29] . Usually shear stress varies with the local conditions and the flow rate. Very low values of shear stress change the behavior of some cells, for example, platelets, and can lead to thrombus formation [30] . It is the shear-dependent mass transport that is responsible for atheroma growth, and thus, higher risk of thrombosis. Furthermore, the endothelium has been shown to become atherogenic when exposed to low wall shear stress [30, 31] . Several studies have reported and classified shear stress values in grafts as "high" and "low" [32] , and suggested low values of shear stress to be 0.25 Pa and 0.31 Pa, while the high values were 1.54 Pa and 1.71 Pa. Another study of vascular shear stress by Cuningham et al. [33] and Saw et al. [34] showed that vascular shear stress of large conduit arteries typically varies between 5 and 20 dynes/cm 2 (0.5 to 2.0 Pa). Another study by Casa et al. [35] reported a normal value of 1000 s −1 for shear rate that corresponds to 3.5 Pa in arteries, and a value of 500 s −1 corresponding to 1.75 Pa in coronary arteries. A study by Bark et al. [36] has reported physiological arterial shear rates below 400 s −1 equivalent to 1.4 Pa. Having said this, high likelihood of high shear stress near the leaflet is desirable, while lower likelihood of high shear stress is not favorable, as low shear stress is associated with higher likelihoods of developing thrombus.
As anticipated, the different flow patterns and magnitudes and vorticity concentration-which does not differ between pure shearing motions and the actual swirling motion of a vortex [37] obtained in the sinus regions between the bicuspid and the tricuspid native valves, would lead to different shear stress magnitudes and distributions, particularly near the leaflets. The intense rotation adjacent to the leaflet, due to the continuous rotation of the entrapped main vortex in the bicuspid valve sinus and to the concentration of vorticity, leads to velocity gradients near the leaflets, and enhances fluid shearing, thus leading to the development of high shear stress magnitudes compared to the tricuspid valve sinus. The vorticity extraction of the bicuspid sinus aortic vortex is slower than that of the tricuspid sinus, allowing for a stronger vortex core and a persistent rotation throughout systole without forming counter rotating vortices. This can be due to the geometry of the aortic sinus as previously explained: the aortic sinus is circular in the bicuspid valve case, while it is a little flattened for the tricuspid case.
Sinus Washout
Washout curves are also tremendously different between both sinuses. Having a vortex that persists throughout systole (particularly in the second half) along with backflow due to valvular leak and regurgitation throughout all diastole, entraps particles in the sinus in an endless rotational motion. This makes it difficult to exit the region, and reduces overall sinus washout in the bicuspid aortic sinus.
Unlike the BAV sinus, the TrAV sinus is not characterized by a vortex that encompasses the whole sinus during systole as previously explained. The particle turnover rate is high. This leads to having the blood flow inside the sinus exit the sinus region due to the interaction between the vortex and the fluid inside the TrAV sinus, as clearly shown in Figure 2 at peak systole. That may be one reason why there is a significant difference in washout between the TrAV and BAV native sinuses, confirmed in in vivo and in-vitro studies, where bicuspid valves are always more prone to diseases where recirculation zones and stasis are the main causes [6, 38] .
Comparison between Idealized and Anatomical Sinus Geometries
This study is one of the first studies that investigated sinus flow and aortic sinus vortex complexity in a personalized native bicuspid with fusion of the left and right coronary cusps and native tricuspid aortic valve. Previous in-vitro studies [39, 40] adopted rigid axisymmetric aortic sinus chambers (without the three sinuses). In this study, as previously discussed, the diverse anatomical geometries led to tremendously different dynamics, such as different initiation and evolution of the sinus vortex along with their characteristics regarding entrapment and dissipation. Having these different mechanisms contributed to different sinus washout, spatiotemporal velocity, and shear stress characteristics in the region adjacent to the leaflets. Stasis regions are highly influenced by sinus vortex dynamics. This relationship emphasizes, consequently, the importance of patient characteristics.
Finally, the intricate patient-specific and valve-specific flow patterns in the sinus lead to mechanical forces at levels that can cause blood cell damage and stasis, thus, most likely, thrombosis. This may trigger pathways for various valvular heart diseases [6, 11, 19] . Specifically, turbulence is characterized by a tremendous rise in spatial and temporal velocity fluctuations [19, 21] . These turbulent fluctuations in velocity cause non-physiological shear stresses that blood cells and platelets experience [41] [42] [43] and are dependent on the valve geometry (smoothness of inflow, calcification distribution, etc.), leaflet performance (opening, closing, calcium buildup), and distal diameter of the aorta relative to the valve orifice area. Reynolds shear stresses (turbulent stresses have been correlated in literature with hemolysis and platelet activation [19, 21, [44] [45] [46] . Turbulent nonphysiological flow (that happens due to valve deterioration) was connected with blood damage, such as platelet activation, thrombus formation and hemolysis [47] [48] [49] [50] [51] . In-vitro studies investigated the risk of platelet activation highlighting 10 to 100 Pa as the beginning of platelet activation [52] [55] . Therefore, investigating the blood damage in stenotic native aortic valve models is essential to understand the complexity of blood-stenotic valve interaction. From a comprehensive perspective, understanding and establishing a connection between valve hemodynamics and disease pathogenesis and complications necessitates integrated multimodality approaches in order to associate and correlate mechanics to biological cascades [11] . This study assesses sinus hemodynamics through studying the relevant flow fields.
Limitations
The bicuspid valve model used in this study represents one with fusion of right and left coronary sinus leaflets, and accordingly, these results cannot be extrapolated to all BAV morphologies. In addition, 2D fluid mechanics analysis may not be sufficient to comprehensively evaluate the flow feature in the sinus, and further, more elaborate experimental and computational studies are needed to investigate these flow features in more details.
Conclusions
This study constitutes a first detailed in-vitro investigation (to our knowledge) of patient specific representative native aortic sinus hemodynamics as regulated by a having a BAV and a TrAV. Novel methodology was developed to simulate in-vitro conditions as closely as possible to the physiological ones, through usage of patient-specific aortic valve roots. Sinus flow patterns were greatly different between the native valves. Vortex formation and propagation mechanisms, shear stress near the leaflets, and sinus washout curves were also distinct and largely dependent on the patient-specific surrounding geometry interaction with the leaflets of the valve. All these factors could help elucidate the impact of different native aortic valve types and sinus morphologies on the engendered sinus hemodynamics. Aortic sinus flow is highly dependent on anatomical, hemodynamic, and leaflet properties. From this patient-specific study, we conclude that aortic sinus flow cannot be generalized always to be a predictable singular vortex system, for instance, but rather the result of a highly rich and complex interaction. This study can constitute the basis that may potentially lead to future exhaustive studies on large cohorts of patients or systemic digitally manipulated models to explore the parameter space defined by anatomic, hemodynamic, and leaflet properties.
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